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1.0 INTRODICTION 

1.1 It in of vital concern to aviation interests to be able to make pre- 
dictions of gas turbine performance with due regard to the effects of geo~ 
metric senle and/or changes in altitude, which are directly related to 
Reynolds Kusher,. Due to the large quantities of air involved in the gas 
turbine cycle in actual practice, it is extremely expensive to construct 
wind tunnels, or other such test facilities, for the calibration or testing 
of such power unites at verving Reynolds Number. 49 a atep-gan messure, it 
has been the practice of designers to extimate performance of pronosed enzines 
on the basis of geometric and dynamic similarity to emaller or similar 
existing engines. Altitude verformance hes been predicted from sea level 
tests on actual engines in terms of dynamic similarity in speeds, tempera~ 
ture and preseure levels, ete, These predictions generally have disregerded 
the possibility that comonent efficiencies may vary for the conditions of 
euch extrapolations. Cascade terts have provided a two-dimensional basis 
for correcting for induced aerodynamic losses, with fairly well substan 
tiated empirical correction factors to three-dimensional conditions, (ref. 
(a)), However, airfoil vrofile losses, wnich are more directly related 

to Reynolds’ #umber, have not been so accurately determinable, espectally 
over the possible range of operation at altitude, 

1.2 The Gae Turbine Laboratory at MIT has in its possession @® small ecale 
turbdo-jet engine manufectured by Yestinghouse Nlectric Corp., namely the 
Model XJ32~wi~lt (X9.58). This engine provides 2 single+tage turbine with o 
blade~tip diam. of 8.1 in. and a root diam. of 5.1 in. The vwarleble- 
@ensity wind tunnel at the above activity crovides 2 test facility in 


whieh the werformance of such a turbine conld be studied in detail, over 





a 
Ve ‘. 
sinsleiiivs <iisakied wepaetiaaebcs eee eee 
“ah TO ITE ae od Magey ut MO ty mommies elite em bo 
OF Antelor VSdaeeeR Way Baie sehetteim ot equney gale biter 
lee Re ee ee ee 
FOUN ae wt wrinhwers timeevaes of 4) yor ieete CeetNe ol fee 
DaLENeT Ve Lek FEad tae AAP We raed thee) Wad Hane Seden qn .ySakusd HEN 
48 owhreeen o—oete © nt A Oh el Akt ree th evkew veure ene By 
RN SRST SRY See et een te Seley ah a 
eatialy Se qutame Of WEIVALIMS Sheed Ae nixteeney Te plye Of A 
[evO) wer mov bata Deng umet nee epmmer twa akin Ad th TOA we god te hew 
Oem ima i EHENLZDOY dimucyh Ne wnan rh samtaen Snorne a> staat 
Sreermsh ad qiremany cegtinsteny at en) ae 
Ye emit ilinos wl eet ee ce ostnentniras mernaene rmit pti tidierey ld 
yudlg Wiebdaielliond 4 Volbvtor exad Genie tdnesd ee ee 
SRUNHEL Heme SPVEAT. ie \oemwed sipmetseqns fuatal Bee etioerse wt 
der! semmtsinnne inendeumatsaonAd od edsatwulvanrnce Caserta eothit 
Midaln “timers wee etn Aalew seeepod eEibere [eh vhe veer | lal 
chlarrreet, Ai tadtapelal efatenecee we weed tus omen pemie® ‘shored of 
AnPAGls Oe EekBivew I~ eames eIlloce, at weer 
bite Zinks 4 cithirteane off el eae THE ae <ystnented anteust bat wet Saf 
As Glows , ee SEWER cnuntinntine! vi beware anions sep—ceted 
* Sle eal dent epemeelgnis + atiewng satgee ate .(P 2) Herre fetes 
~efmrrer a ll 2.7 Ne cenit teen 6 bee wl C8 Do .eedt Ofiekals 
© CE eeT feet © eatery CbleEiNe erode lt be Lecooe ham ede 
foes «fonteh al Seite wt Mie enpwese © Que Ye tomsendtee< fl anit 


















é. 
@ range of Reynolds! Wushers from 253,500 to 25,350 based on blade chord 
and turbine inlet conditions. (eee Annendix 3), This would extend the 
range of investigation renorted in ref. (a) by approximately 25 per cent 
on the upper limit and 33 ver cent on the lower limit of that of ref. (a). 
It is the purpose of this oroject to provide a design for the required test 
inetallation and associated enulnment so that the above facilities may be 
used in the investigation of the effect of Reynolds’ Number variation oa 


turbine nerformance. 


2.0 SUMMARY 

2.1 Figures 3 to 26 show the general details of the resulting design. 
The necessary assenbly and detail drawings for existing Vestinghouse 
parte are available in the Gss Turbine Library and are deseribed in 

rof. (h). It will be seen that provisions heve been made for a hori- 
zontal installation in the low speed branch of the variable deneity 

wind tunnel on the second floor of the Gas Turbine Laboratory, MIT, The 
turbine wheel has been located as close ae possible to en elbow adanter 
in the tunnel se that the vower take-off conld be taken through the elbow. 
Thies resulte in a condition whereby the air streau is delivered to the 
turbine very shortly efter the turn through the elbow, but any other in- 
staliation which would provide an external location for the dynamometer 
would necessitate excessively long extensioa shafts, which would be un- 
aeceptable from dynamic considerations. Nowever, dune to the rather se- 
vere acceleration and diffusion in the airetreaa through the compressor 
diffusor which was ueed to facilitate mountinz, it ts believed thst flow 


at entrance to the turbine nozzles will be sufficiently uniform, in both 
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direction and degree of turbulence, as to he representative of actual "hot" 
running conditions et vhe turViee. 

2.2 The installation shown will permit safe overstion of the turbine at 
speeds from zero to somewhat in excess of 18200 rom. (see Appendix A for 
eheft extension dynamics), The latter sneed corresponds by dynamic simi- 
larity to an actual ("hot") running speed of 34000 rpm. (see Appendix 3). 
Maximus desired running speed 1s 18,220 rom, “Static inlet pressure aa de- 
livered by the tunnel is controllable from 22.4 psia to 2.2% pela with mase 
flow of 7.005 to .7005 lbs./sec., permitting vower variation in the ratio 
10 to 1 at any turbine ereed. Totel tommersture at tunnel comresror out- 
let is controllable from 80° to 100° ?,, corresponding to a static ten~ 
perature range of from 73° to 93° F. et the turbine inlet. The possible 
range of inveetigation will be from a Reynolds! Pumber of 75,350 to 253,5%. 
2.3 Assembly dtrectione for the test installation will be found in Sections 
5.0 to 5.26 inclueive. Detailed opereting instructions have been based on 
the various considerations of the proposed design, and on esfety. They 
will be found in Sections 6.0 to 6.3% inclusive. It is to be noted eepe- 
cially thet operation at speeds over 1£209 rpm. will moet srobably te safe, 
since thet represents the critical peed for the new turbine shaft exten- 
sion, assuming zero fixity at the ends, The assumption is considered to 
be very conservative. All ammen@icea have been prepared for a ton eneed 
of 29,000 rpm., at which it 19 recommended that the safety governor men- 
tioned in Section 3.5 be set, thereby providing a margin of 1,789 rom. 

over maximum desired overating speed, for atjustment rurvoses during 


running. 
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3.0 DISCUSSION 


3.1 In providing « facility for measurenent of nerformance of tie tur~ 
bine of the WA X3.5R Turbo-Jet engine, the firet and moet obvious need 
was for a device canable of absorbing oni ceasuring an outnut of 259 hp. 
at 29,000 ren. (ese Armendix FT), with soseible variation in ontowt in 
the ratio of 1¢/1 at any given sveed, Such devices are not presently 
@veilable at MIT, nor ere they vrocureble commercially exeept, probably, 
on a developmental basis. Therefore it became necessary to design such 
@ dynamoneter locally. Several basic teeimijues were considered, all 
of which would lend themselves to direct coupling with the turbine (a 
very desireble and neceseary fexture), and are presented in the follow- 
ing neragraphs: 

3.11 A plain disc running submerged in water, to absord the required 
power through ekin friction and circulation effectn. The variation 

in power ebsorption could be controlled by “water level" (amount of 
water) on the disc, since any water in the diec chamber will be thrown 
as far out on the dise as possible by centrifugal effeets. Thies tech 
Mique was discarded when it wee shown (Appendix 7) that, although the 
meximum vower could ersilry be absorbed by one submerged direc of small 
O.D., there would very likely be instability in overation at low power 
input eat high speede, The location of the inner radiue of the water was 
very critical under such conditions. (Power vartes approximately with 
fifth vower of radius, third rower of speed). 

3.12 The above led to consideration of the nossibility of using a 


simple cylinder rotating about a vertical axie in water of variable 
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5. 
depth. Fower absorption would vary linearly with the submerged length 
of the cylinder (Avvendiz @). Bowever, Avpendix & ehows that a shaft 
of excessive length would be required if any degree of stability were 
to be achieved at low power settings. Ite vibration characteriatics 
would probably be unacceptable, as seen from the enalysis for the tur- 
bine shaft extengion (Appendix 4). Furthermore, a pressure-tight en- 
closing cylinder would be required to prevent the water from being thrown 
away uncontrollabiy in excess of that amount required for cooling. This 
would prosebly result in 2 violent circulation in the container, with 
possible instability, not readily analysed mathematically. For there 
reasons, the technique was considered to be not usable, and wae dis- 
earded, 

3.13 Sewer absorntion by ~umoing water through a centrifugal 
water wheel. Gince the water leaving the wheel would be thrown away 
er ured for recirculation, inout would probably be measured most 
easily by some sort of torque-meter on the connecting shaft. Water 
would be introduced into the wheel axially ae near the axis as 
possible, and its momentua would be changed by producing tangential 
velocity at the rim. Apvendix H showe that for reasonable flovs, 
tangential velocities would be such as to cause unseceptable erosive 
aetion on any enclosing caging with which it might come in contact. 
A visit to the Gas Turbine Division of VYeatinghouse at their South 
Philadelrhia Yorke revesled that thet eommany hed conducted tests to 
determine the severity of euch erosion, They directed a jet of water 


normal to a 1/16-in. thick stainless steel plate mounted on a wheel 
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6. 
which produced a relative velocity of 1000 ft./see, The plate was severed 
within a veriod of five seconés, Although it is considered possible that 
other materials could be found which would show better durability in this 
desired application, it would be ontimistic to believe that one could be 
found which would have acceptable eervice life. Therefore this tecimique 
was diacarded, 

3.14 A device which hae shown very satisfactory resnite lncally as 
a vower absorption device is the Eddy Current Brake, This device con- 
fists of a metal dise rotating in electrically induced magnetic fields, 
The hest rrodneced in the nlate by the eddy current generation is carried 
away by water jets, usually directed through the cores of the electro- 
magnetic colle. Ref. (b) gives the operating characteristics for such 
brakea with wheels of magnetic materials. Nore desirable high~meed 
characteristics are obtained when non-nagnetic materiales are used in 

the wheels, Although there hae been no lecal experience with such brakes 
at the desired top operating speed, Prof, A, BR. Rogoweski of the Mechani- 
eG] “agineering provided an extrapolation of sone of his test results on 
brakes of several steels at sneeds up to 10,000 rpm. Phis extravolation 


predicted the following design vrovisione for the subject problem: 


Material Dise Size (Diam.) Wo. Goil Pairs Amm-turns/eoil pair 
&-& Stainlese Steel 18" u 14,000 
18- Stainless Steel rhe 5 14,090 
Steel (Boiler Plate) Lu gu 14 ,00N 


Nowever, it 4s shown in Appendix F that the necessary flow of water re- 


quired for normal cooling in a water brake was 12.71 gal./min.. In the 
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Bddy Current Brake it is believed that the trenemission of heat to the 
eooling water would be considerably lese effective than in the simple 
water brake, resulting in @ mach higher flow requirement, This water 
would be subjected te considerable centrifugal numoing on the brake 
wheel surface, at radii of not less than 7~-in., making for considerable 
unmeagurable losses. Further, windoge losses alone on a wheal of euch 
size would not be acceptable if not measurable. Theas problems could 
probably be obviated if power inont were to - determined by torque 
méeagurements in the shaft, but such weneuremeate are of questionable 
aecuracy. Further, there would be the above-mentioned erosion nroblen 
of enllecting water moving at high velocities, This technique waa 
snelved therefore, in favor of one which showed more promises, discussed 
below. 
3.13 Jaring the above-mentioned visit to Vestinghouse, it wes 
learned that that organization has been using successfully a Froude- 
type water brake for applications similar to ours. This device is in 
effect a 100%-slip hydraulic clutch, with vower absorption controllable 
by varying the amount of water in the oasing, cooling to be vrovided dy 
continuous revlacement. Fig, 1 provides typical performence character- 
istics obtained by Yeetinghouse. The plot was obtained by extranolation 
af the tert data for much larger but slower similar brakes, adjusting 
ecale by the fifth-nower rule for power variation with radius, and the 
third-sever rule fer warlation with rotational apeed, Actual test re- 
sults agreed very satisfactorily with the predictions on this basi. 


The characteristics desired in this project coulé he obtained dy similar 
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B, 
extrapolation of the wheel and stator dimensions by the same rules. The 
company hae delivered to M.I.T, the detailed drawings and performance data 
for this brake, They pointed out that in no way did they guarantee the 
design, verformance, or safety of the device, nor are they on the markzet 
to sell such equipment. It is considered that it is within the esmabili- 
ties of local facilities to sannfacture such e« device, using the general 
@etaile vrovided by Westinghouse. [¢ could be adented in such a way that 
a “family” of characteristics similar to that of Fig. 1 could be obtained 
elmly by vroviding different sets of nower whesie and atators, with 
afaotere which would give the prover easing volde. Although the oraduc- 
tion cost of euch a brake is contidersbly areater than it would have been 
for some of the tec’miques described above, this is considered tno be justi- 
fled by the charscteristics obtained and their reliability, and the sta- 
bility and controllability of the device over the desired range. 

3.2 In the interests of economy it wac decided to wee ae mach of the 
available turbo-jet engine as noseible in the desired installation, to 
minimize the auaber of sew parts which would have to be made, The con- 
struction of the enzine nermitted s complete senaration of comonents 
just behind the eompressor at the ehaft coupling end forward feece of 

the comrescsor diffuser flange. This left the compressor diffueor, eon- 
pustion chamber, beerings mipport assembly, end turbine inlet noezles 
aveilshle as a cemlete assembly in which the turbine sub-assembly could 
be installed complete with two redial roller beerings. The lubrication 
distribution syeten for the two bearings is integral vith the reeulting 


unit. However, since the thrust bearing for the entire turbo-jet unit 
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9. 
was ineorrorated in the commressor assembly, it became necessary to sro- 
vide a renlacement when the forward part of the engine wae discarded, 
fhie has been provided external to the tunnel, and has been incorporated 
on the courling of the turhine shaft extension, as shown on Fig. 3, in 
order to minimize turbine sheft extension Length, (See Appendiz I for 
analyeis of Thrust Zeoring requirements.) A sealed bearing 1s used to 
eLiminete the lubrication problem and the possibility of contaminating 
the tunnel through the tunnel seel. The fuel nozzles and combustion 
chember liner were removed and reploced with new inner fatringe (Figs. 
15 416) to conduct the airetresm to the turbine with ae Little loss 
and turbulence ag possible, 

3.22 Kormal lubrication of the two roller bearings (lios. 2 and 3 
of the turbo-jet engine) 19 by an oil-air mist produced by a pum (est- 
inghouse Part Fo. 23F53°-2) and Mixer (Nestinghouse Part Hoe. 146210-line 1). 
working off the accessory section, Since the ecceseory section hes been 
digearded along with the forwerd part of the engine, it will be necessary 
te mount the pumm an? mixer somewhere external with en euxiliary drive 

for the pump (sn electric motor et 1750 rpm. would be edequete). This 
should ve mounted as close to the test lnstalletion ag possible. Air 

for the mixer can be drawn from the room through @ reducing valve by 
which oreseure in the bearing support will he controllable. The sca- 
venging system deccribed below will nrovide the pressure differential 
required’ for flow, Ref. (h) shewa the necessary pining and connections, 
which should be duplicated as nearly as voseible in the tect installation. 
The oil-air waist line should be introduced through the turbine support 


flange in the tunnel by means of 4 fixed gas-tight fitting. 
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3.92 In normal operttion the oll-air mwiet if diecharged from the bearlags 
into the exhaust ani thrown away. Jowever, it ia not vermissable to dis- 
charge ay contamination into the wind tunnel syetem because of cleenlinecs 
requirements when Sellieren apparatus or Interferometers are ta be used. 
Therefore, some rzort of en auxiliary scavenging avystem had te be devised, 
It was seen that the turbine bearings and aseenmbly could be isolated within 
the compressor 4iffusor and turbine bearing support assembly. A labvrinth 
seal for the turbine shaft and a gasket ie mounted on the after end of the 
bearing housing in plece of the old radiation etelds (Vestinghouse Part 
Kos. 14G6963-142), which were discarded. The forward end@ ie sealed by 
means of a new noee cone, (Fig. 21), which seale on the diffusor casting 
in vlace of the former diffusor cone and ses] (Vertinghouse Part Ho. 
198269 line 142), and on the new shaft extension by a labyrinth seal in- 
corporated in the new nos@ cone, Shere crests are rrovided in the seals 
to vrovide for “running in" to minimum clearance on the sheft. The rubber 
geaeket at the after end ie needed to cover existing screw holes and other 
cutaways in the after bearings housing flange, and to effect the seal he- 
tween the bearings housing and the bearings support. it is to be made 
oversize relative to the 1.0. of the sunport tube, so that the necessary 
deformation during assembly will effect the seal. An inward flow must 

be established eat all seals and Joints, to ensure thet no 611 zets into 
the tunnel. Scavenging lines cut into the besrings supnort (eec Fig. 

17) will satisfy this requirement when connected to a large-canacity 
ejector eveileble in the laboretory. The combustion chamber must be 


turned from ita normal installed position relative to the diffuser so 
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li. 
that one of the spark plug holes which »rovide aceers for the evacuation 
Linee will be located as nearly at the bottom an possible, See naragravh 
5.1 (c). The lines heave heen mede as big as is consistent with required 
passage through the existing spark plug holes in the combustion chamber 
caring, to provide as much insurance ac possible thet availeble flow will 
exceed any leakage through the verious joints and seals. 

7.3 One of the mejor deeisions as to how the tect installation could 
bert be made concerned the manner and location of the turbine in the 

wind tunnel systea, It would heve been the “cleanest® inetallation if 
the turbine and dynamometer could heave been mounted es a unit entirely 
within the tunnel, This would have eliminated the need for a turbine 
sheft extension, since the dynamometer could heve been cowrled adtrectly 
to the iniatbet turbine sheft comling. However, it ie ohvious thet a 
dynamometer ovnerating at the required speeds mst depend on geome sort of 
a fluid medium. The requirement of no contamination in the tunnel there- 
fore ruled out thie possibility, since the problem ef perfectly sealing 
the dynawometer would surely have been & major stumbling block. The 
logical alternative was to locate at one of the elbowe in the tunnel, 

#o thet the dynewmometer, externally acunted, could be couvled to the 
turbine sheft extension projecting through the wall of the elbow. Rather 
than cut um the existing tunnel elbow at the desired location, it was 
decided to comletely renlace it with a new design. This gives the added 
sdvantage of designing for shertest poecible shaft extension. The outer- 
most paseage diameter at inlet to the diffuser fortunately allowed direct 
mating to a in. nominal-size nine, and #90, since the entire reguler el- 


bow required replacement, S-inch ripe and fittings are used wherever 
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ve. 
poseible. Three elbows or types of turn were available, e stendard S-inch 
*vhort-rading® elboyv, with an eight-inch turning radius on the centerline; 
a standard G-in "long radius’ elbow with twelve-inch turning radius on the 
centerline, and an assembly consisting of two sections of 8-in. tude joined 
at right angles by meana of a section of turning venee similar to the "Ducturn* 
presently use? in the tunnel system. It was deterzined that the shortest 
possible shaft extension lengths were 14.915 in., 16.975 in., amd 15.765 in, 
respectively. Since it was known that this length would be critical, it was 
decifed to let it control the selection. The “short-radinus" elbow is obviously 
the logical choice. Fig. 2 shows a development of the flow area which will 
be obtainnd through the “short-redius" elbow. It can be geen that pressure 
changes along the centerline will be regular and always in one direction, 
although highest acceleration occurs first on the under side of the nose 
cone, and subsequently on the upper side as the etresm progresses through 
the elbow. This sequence ney well be advantageous from the point of view 
of vossible separation on the inside of the turn. At any rate, as has been 
mentioned previously, it is considered that any turbulence and other irregu- 
larities vroduced in the stream by the nansage through the elbow will be 
obliterated eufficiently in the process of diffusion into the combustion 
chamber passages. 
3.31 Avpendix A presents an anprozimate asnelysis of the dynomice of 
the extension shatt required with the short-readius elbow. On the basie 
of an equivalent beam with pinned ends the eritical sneed would be 128,250 
rpm. Gn the basis of the beam with fully fixed ende the critical speed 
would be 59,500 rom. Although the maximum desired operating speed is almost 
identical with the former, the design is coneaidered to be reasonably conser- 


vative in that the shaft extansion is rigidly connected to other members at 
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iB. 
both bearing sumports, so that a considerable degree of fixity is obteined, 
3.32 Appendix J shows that a tanered joint between the shaft extension 
and the dynamometer coupling is adequate for the applicable power trans- 
migefon, #9 that costly snlined joints ean be eliminated. 
3.33 The tunnel provides an airstream of controlled humidity. Further, 
the maga flow in the stream is normally mensured at a point considerably down- 
strean from the new elbow, and flow through the turbine mast be know. aceurately. 
Therefore leakage into or out of the tunnel waist be minimised, and for this 
reason the joint between the extension sheft and the tunnel elhow must be 
sealed as effectively as vossible. Thies is accomplished by a labyrinth seal 
and gasket (Pigs. 12 end 13). The seal is secured to the tunnel adapter pad 
(Pig. 11), inse the seal depends on very small clearances on the suaft for 
ite effectivenesr, and it is of signifleent length, the rigid specificetion 
that the inner face of the sdacter pad be normal to the shaft axis, requiring 
final machining after assembly, is necessary. The securing bolt holes in 
the adanter heve been svecified oversize purposely to vrovide for proper 
redial positioning, Further, 1t wan found that a simple enclosed rafial 
ball beering wes adequate as a thrust bearing, but it is required thet it 
be in very close alignment with the shaft. Hence the enecification the 
adapter pad outer end be truly normal to the shaft axis. Although emall 
diserepanctes in exieal soeition of the sdapter face can be accomasdated by 
shimaing between the bearing spacer, (Fig. 14) end the adapter, auch dif- 
ferences eghonuld be kept to a minimum, and therefore it has heen specified 
that the outer face of the adanter also be machined after aseembly into the 


elbow, 
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3.4 The low-speed branch of the wind tunnel atructurally is essentially 
# large inverted "U" which is sucported at ite lower ends in the basement 
of the laboratory, with no sunnort on the second floor where the test in- 
stellation ie to be made, Any elongation in the vertical section befere 
the tert installation must result in added dlenvlacemeat of the horizontal 
eenter line of the tunnel from the level of the second floor. This would 
preclude the possibility of mounting the dynamometer on the sceond floor 
indenendent of the tunnel structure, since it is imperetive that the dyne- 
mometer and turbine sheft axen be in closest possible slignment due to the 
high overating eneec. Thies may be eccomolished most handily by mounting 
directly on the lower tunnel adapter flange at the top of the vertical 
section of the tunnel, securing with the flange bolts. This is chown 
gchemetically in Fig. 3. The dynamometer mount io ecsentielly a teble 
with angle-iron legs which streddle the &-inch elbow and project down to 
and are secured to the adapter flange. The teble mst be so constructed 
that the dynamometer securing bolts may be located et will, to permit sd- 
justment in angular aiigunent, Coltcidenee of the two shaft axes at the 
eounling is ensured by the cownling design. 
3.4L Fhe nicest iastellation would heve provided a flexible snd self- 
aligning couvling between the turbine and the dynamometer. Several Boston 
representatives of nationally—kuown makers of flexible couzlinge were con- 
tacted and queried about providing such counlings for this anplication, 
There were no such stendard couplings usable at above 10,095 rnm., and 
reference to the engineering denartments of the several companies yieided 


only negetive results, 411 were reluctant to even advise relative to this 
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epeed-nower combination, The Fast's Coupling Department of the Koopere 
Company, Ine., offered a especial counling, their Iwe. No. ¢8-12520-l, at 
a cost of $98.00. The comling wae 4 5/8-in. long and 4 15/16-4n. on the 
O, 0, The external area rrovided thereby was considered to be unaccentable 
due to the yrobebllity of showing high unmeaeunrablie winisage losses which 
would be a lerge nortion of the total outout of the turbine at low »yower- 
high speed settings. Therefore it was decided to svecify a rigid counling 
similar to the one used by the manufacturer of the turbo-jet engine, A 
rigid coupling ie aleo smecified for the junction between the turbine shaft 
and shaft extension. Twelve fitted counling bolts are available from the 
old turbine-commressor connection, Dune to the fact thet this instellation 
will be run at less than one-half the design peak torque, six of these 
available dolts will suffice in each of the two rigid couplings, and the 
counling varte which are to be manufactured locally have been designed 
eecordingly. 

3.5 The turbine of the test installation te @ high-speed device which 
is suscertible to very high acceleration in the unloaded condition. On 
seversl occasions when Yestinghouse tert personnel excerienced no-load 
run-awayes with a turbine of approximately the same size and rower outnut, 
due to fnilure of water flow through their dynamoweter, accelerations 
were estimated to be at the rate of 5000-10000 rom/aee, It 1 obvious 
that en autanatic system of emergency shut-down must be provided. It 
would be inedequate to provide werely for a tunnel ecomorensor cut-off, 
since its inertia is considerable and there would aleo be a large masa 


of eir under pressure unstream of the turbine. It wae decided ta nrovide 
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16. 
a safety valve in the air stream ag close to the turbine as poresible, Thie 
cen be aceamlished nicely at the lower tunnel adenter flange, ani is renre- 
sented by Fig. 5 and shown on Fig. 4. The spring loaded flapper valve is 
held onen during normal oneration by «# lateh. ‘hen the turbine exceeds a 
preset limit, the lateh le withdrawn by a solenoid which is energized through 
a governor on the dynememeter. Ref. (a) showe schematically one possible 
desien for the governor and associated slectrical cireuits. It should be 
aodified to eliminate the emergency fuel ent-off (not needed) and to provide 
a tell-tale which would indicate that electrical energy is available for 
the solenoid cireuit when needed. Provisions also should be made to cut 
off ower to the wind tunnel compressor simultaneously with triggering of 
the safety valve. A hand hole is provided in the lower tunnel .sdanter 
flange to facilitate re-setting the safety walve with minimum alteretion 


to the evisting tunnel structure. 


4.Q INSPRhomMr.Tioy 

BL Stetie temerature anf preseure must be known at eny point where 
Reynolde' Yumber is to be commuted, along with stream velocity. The latter 
can be determined by comparing stagnrtion and etatiec preseures, both of 
which can be measured in an airstream with a sufficient degree of accursey. 
Uowever, static tempereture is not menesured readily with sufficient accu- 


recy, and must be reduced from stagnation temperature by meana of the relation 
wl 


(stat)) © 
@(atat.) = Tlstag.) gee 


assuming isentropic compression to stagnation conditions, where k is the 


ratio of the specific hents of the airstream. ‘Stagnation temperature can 
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17. 
be measured with reasonsble accuracy (ref. (e)). To summarize, stagnation 
temperature and stagnation and static preesure must be measured inmnediately 
ahead of the wheel, where Reynolds' Numbers are to be comared. letermination 
of stagnation temerature behind the turbine wheel together with stagnation 
temperature ahead, will provide x basis for commutation of turbine output 
from the relation for an adiabatic vrocese W, =Ah = 0, (AT). vhere Wis 
shaft work (see any reference on Flow Processes). Thia commutation should 
be useful for comerison with output as measured by the dynamometer, there- 
fore providing a basis for an eetimation of combined losses between the tur- 
ine and the dynamometer, guch ag to bearings, aeale, winiage, ete. The 
various losses would not be eenarcble., Mozsurement of either stagnation or 
static pressure behind the turbine will provide the necesnsry additional 
date for comsutation of work inout to the turbine. Provisions have heen 
made to measure these values (see Pigs. 22 and 27), namely: 
(2) Total temperature at one location ahead of the turbine nozeles 
{at one side); 
(b) Total ani static pressure at the saue plane as above, at top 
and bottom of the flow annulus; 
(c) Total (and static, if required) prevaure at three locations 
{ton, side, and bottom) aft of the turbine, approximately 31/2 inehes 
downstream in the etraight nertion formed by the tail sone of the turba- 
Jet engine. In this distance there will have been no change in the annular 
area or diameter from that of the turbine wheel, yet the flow will heve been 
Siven @ chance to obtain some degree of uniformity, end vibration-troe in- 


pulees from the blades of the turbine will have heen at least nertially damped. 
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(4) Totel temeratare et the cane piace ae for (ec), at a loention 
half-vay betwenn two of the nrereure asesurenent coints. 
%.11 The instrument access holes necessary for the sbove have all been 
@imenstoned for an I. PD. of $/8-in,. oo that an inctrument hend 3/8 in. long 
by 1/4-in. round or ecuare can he inserted. Pig. 23 shows achemationlly the 
necessery mating bushings to support and provide a seal on the shenks of the 
instruments, These are designed to eccommedate an O-ring packing to prevent 
leakage, yet permit angulsr end reiial edjustment for traversing. The sceess 
provided will be aufficient to accommodate claw-tyne yaw moters or %hole vaw 
nrobee (ref. (c)), either of which eould ineorsorate an additional tube for 
meagurement of atetic pressure; Fiel-type total rreeeure probe heads (ref. 
(4)); or total tempereture heeds similar to some of those sown in ref. (6). 
412 It ts esneldered that only two meagurements of total and static 
preseure shecd of the turbine ehould suffice, since there ghovld be no 
ewirl at that point, the only probable differences reenlting from the short 
turning rediue with possible seneration in the 8-inch elbow ahead, Hence 
meneaurements of pressure are taken only at the top and Bottom, between 
which the greatect differences should be annerent. Three pointe of nregsure 
measurement aft of the turbine are provified, since it is believed that swirl 
components in the flow might make for non-uniform distribution, both radially 
end cireumferentially. Further, meesurenents will be more difficult te make 
at thie station if both total and static detersinations are required, since 
the direction of flow aust be found by yew meter. It is suggested that only 
total pressure be mersured at this location, using Riel-tyoe total nreesure 


instruments which are largely insensitive to yaw. Since sufficient date 


. 


‘ a , | ‘ ‘ 
(7 


- - i fe 
“ -— 
. 
7 “6 












my 
_ eobtenet 
+28) ‘ 
a 9p ena: ome 
ee St © overernel 
on onan 
wl 


Armrest Metuout ay) nme 
bead . 
< ; 
| on 
o om ae 
velmies therm 
S : 


) omy fom peiine ~wtite 
| TPA het een eumpenyy (ap amahlN) cmmrunere atte 
ahd 
» ee 
2 TD Pr 
oonipeor ees —e 
aoe ae Ee 
ease? | os oo ert 
= e Mes am : 
| ‘oe~ , : 
eae ot a as 
ae | 
rv eee alas a = a so = 
fo Pa wat, of Slee = Sade 
_ » shesiiows i vt Ore | ca | 
= = ee eee eee 
~ carr : : redtewnts 
~ mae ) 
7 ee appionaes ev | 
< a 
famiol? ine ten 8 = : 
oe “m 
=  wapermy 4 
ne te 
Osoeetr aes 





n. 
ean be obtained from meneurements ahesd of the turbine to determine flow 
and Reyrolds Yumber, stetie rreesure behiné vou] d be redandant information. 
1 13 The etagnation temperature in the tunnel {9 controllable, and 
the turbine inlet tesmerature should be maintainer ac close to ambient room 
temperature as possible, so thet heat tranafer to the eurronundings from 
the stream will be minimized. “Inder these conditions it is belteved that 
totel temerature need only be mer .gured at one cirewsferential location 
before and behind the turbine, since there is mo awvarent resson for eir- 
cumferentiel variation at any given exial ateaticn. 
kak Ve provisions herve been mele for external manipilation of the 
airflow inetrwments ahead of the turbine, It will be note? that the in- 


sirument linee are brought ont threuch the turbine mecunting Tlange, indd- 


et 


eated on Pig, 3%. It is predicted that it will suffice to meunt the probes 
eo that they will be on the mean redius of the tur@ine dledes, and eince 
egeentiaily arial flow should be obtained at this pelnt they could be ao 
erientec and set. Eowever, it is recommended that the vreeenure -robers be 
of the yaw-meter tyme for use ac a cheek on direction. If an error in 
ortentation were to be made, the tunnel could? he stopned and the oraher 
re-oriented manually through the hand hele vrovided for this nurpose in 
the turbine mounting flange. Once the proper orientation has been obtained 
i$ shovld net change for the varicur erndittione of flov, since the volume 
flow will be essentially invarichlie. In the event thet there nrovirions 
ere proven to be inadequate, then adattional access provisinne can be 


nade for thie stetion similer to those let into tho main tunnel wall in 


the traneverse plane of the after-turbine station. The latter make it 
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20. 
possible to aanipulate the probes from outside the tunnel while runaing, 
since it would be benificial to make redial traverges at the after sta- 
tion, and may orove to be vrofitable to determine stream directionr at 
that station, 

415 Torque and epeed will be messurable at the fiynamometer, A 
Setrobo-tachometer" is available in the Gag Turbine Laboratory at K.1.7%, 
which has been shown to give accuracy within 1 rer cent, which is con- 


sidered to be adequate for the intended use. 


5.9 ASSeeLY OF TOTP HRN 

- sien nec 

5.1 “hen and as marta beeome available, the inetellation should be as- 
eeuhle’ in the general order following; (sec ref. (4) for Vestinghouse 
Farts identification.) 

S00 inetall the after oil serl sani geascet on the after end cf the 
turbine bearings houetnz, Yeetinghouse Pert Eo. 23F57h-1,. WARPING: Pefore 
this Le done the turbine rotor anc rhatt cen slide freely in the hearings 
sousing, and careless handling may result in Semaced bearinze or rotor 
blades. It will be observed that rroduction notee here heen etched onto 
the turbine sheft at the place where the eoal ie to be effected. Any er- 
ternal vsrojections of the unset metal sheuld be carefrlly honed off before 
the e#el inetaliation. This honing shonl4 be kent to a minieum to prevent 
wetting the eheft out ef reund at this point. Take all poasible rreeautions 
to prevent grit or *regments from entering the beeringe. The rubber zoaket 
is breught into resttioen from the esheft counling end of the sub-aesenbly, 


requiring some stretching over nrejectinne in the process. (No not attempt 
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Be 
ho Aiceacemble the turbine anhb-aecemhly for gasket inetellation, due to 
the aery resuired in re-sesenbly of shaft and counling.) Then bring the 
eesling ives into vositinn, loceting the radial enlite in the two vairs 
winet> Jerreve avert. “ol4 the secline viecer very liehtly in eontact 
with the ake ft while soourine, te ohtein mini dieirsmet with the shaft. 
The sealiny oreeta heave heen mete onmodely sharn, to be worn off into 
clearcnes during the inttial gtoses of runnine. Fe sure that the gasket 
is centered on ths ehatt atter Tinal evcurine, Hatate the turbine wheel 
by band to be eure tor mich interference hee not been provided, Safety 
wire the securines ecrewe, 

Sale Slver~eolear the eraenstion vine cdenter vade on te the tur- 
bine becringe evmpert and Arill arr tec in rlace ae shown on Pig. 17. 
Vale eo trisl eseenbiy of the evecuation vines to be sure they de not 
project insi@e the J.D. of the bearines eworort. Yrovide for esubrequent 


ffentificection of meting nerts, Phe oinee choule be seven inches in 
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ings, ond having tomera® rine threads st the other end. Braze 
on the inttrunentation eteses rods on the coubistion chamber housing ae 
shewn in Pig, 22. Drill 37/68 fneh hale throuch each ané be sure thet 

thea hols ie continuone into the alretroom raceage. Ten ag srecified on 


Fig. £2. 


$213 Hoan cut gonvk polis helen in the combustion chamber ensing to 


Bh Inetal® the Siffuser teil enne end the eorbuetion checker inner 


Ruers (Pige, 15 and 15), enevring thet the verinue helee ent cutouts 
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ae. 
provided for the evacuation nive installation are prorerly oriented, Then 
bring the combustion chenher hosing ani nozzle sub-sessembly, and the dif- 
fusor and bearings suncort sub-zesenbly tozether, drawing uv slowly with 
the securing screws, and secure, “!APTING: The nozele blades are very loosely 
fitted in their strroués, and ersily dronped cut, ‘ake sure that the nozzle 
inner shroud is brovnght into nosition on the bearingn sumport end at the 
seme rate the two sub-aseemblies approach et the main securing Flange. 
These sub-eassemblies are inflexeé for proper orlentation by two ounch 
pricks on the mating flenge of the combustion chamber heusing and on one 
of the mounting luga on the diffusor. 
5.15 Feecure the turbine shaft extension to the turbine, using eix 
of the twelve bolts (WE Part.No. "18275 line 1) which ef"ected the coun- 
ling between “ turbine shaft end the compressor shaft. The resulting 
ageembly shovld then be checked for etatic and dynamic balance, and run- 
eut at the for end of the shaft extension. ‘Safety with cotter keys, 
which shonld be weighed with their respective bolts before-hand, All 
possible care should be taken to ensure that weights are disposed syn- 
metrically, for balance of a ranidly-rotating part which will be operating 
near ite critical speed, 
5.16 Assemble the Turbine Sub-aesenbly into the Hesring Support and 
Diffueor assembly. The after sealing gaeket, Fig. 19, ia mushroomed into 
the 1.0, of the Bearings Suoport during this etep, which will require some 
foree, This force should not be immosed on the turbine or ite sheft, since 
thie would likely damage the outermost ridge of the labyrinth seal, All 


required force should be exerted by pulling on the bearings housing through 
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the diffusor. Sefety-wire the securing bolts after drawing up tigh’. 

5.17 Install the evacuation nines, and neck in the sperk-plug holes 

with cotton wicking, to minimize air leakage ehead of the turbine. 

5.18 Inetall the nore cone (Tig. 21). Vse gasket compound similar to 
Permatex, Tyne A, snsringly on as many of the nating surfaces aa nossible, 
taking care not to allow any to flow ints the labyrinth sealing grooves 

or onto the turbine extension sheft. Femove all external excess coxmound 
after assembly, Rotete the turbine by hand to ensure that too much inter- 
ference between labyrinth seals and shaft does not exist. 

5.19 lin the tunnel e@nl and gasket, Fies, 12 ani 1%, on to the turbine 
extension, but do not slide them too far along the shaft. Then mount the 
turbine test assembly on the turbine swport flange and seenure, Full the 
tunnel seal and gasket onto the tunnel adanter ned (Fig. 11) from outeide, 
and secure, The screw holes in the nad heave been drilled oversize on pur- 
pose, to permit nrover radial lecation of the seesl and gasket relative to 
the shaft. 

§.20 Inetall the thrust bearing on the dynamometer eoupling helf (Fig, 
20), shrink on the bearing retainer ring (Pig. 26). Position epacer (Fig. 14). 
5.21 Attach counling-and-bearing eseembly to the chaft extension and slin 
thrust bearing retainer (Tig. 14) into place, as shown in Pig. 3. Locate 
the centers of the two positioning pins from the besring support. Eemove 
support, coupling and bearing, and emecer, drill and ten for and install 
roeitioning nins. 


5.22 Make final installation of the coupling assembly, torquing the 
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ah, 
retaining nut to 500 in-lbe. (It will he permisseble to use a Stilleson 
wrench on the atub end of the turbine rotor, but the resulting burrs should 
be dreseed off carefully subsequently). 
5.23 Fael out the resultant axial limits of the turbine rotor vosition 
(these will be small due to the presence of the after seal), and use slit 
shims between the bearing epacer and the tunnel adapter pad to set the 
rotor helf way between the limits. Rotate the turbine by hand to be gure 
that sufficient freedom exists for normal overation in the air stream. 
5.2% Inetall the evacuation pipes and eonnect by hosee to a gas-tight 
access through the turbine mounting fiance. 
5.25 Inatall the tunnel safety velve on the lower tunnel adanter flange, 
aa shown on Fig. 4, The sefety valve mvrings are designed to be loaded 
by a turn of 70-deg. when the valve is in the closed position, and should 
be installed accordingly. 
5.26 The remainder of the assembly procedure for getting the test in- 
etallation into the tunnel is straightforwerd end may be seen clearly 


in Fig. 3. 


6.0 OPERATIUG INSTRUCTIONS AND PRECAUTIONS 

6.1 It is recommended that sand-bagging or equivalent protection be 
provided in the plane of the turbine wheel and that of the coupling 
between turbine shaft extension and dynamometer shaft before operation 


is attested. ‘sy 
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6.2 Starting 

6.°1 Caladbrate and eet the safety governor (Tection 3.5) for activation 
at 20,000 rom. Cheek the Primary Safety Mechanism, Be sure that the 
governor parta are working freely, without binding, and that the atand-byr 
électrical cirenit for the safety air valve tripping solenoid in energized 
(tell-tale light is on). Manipwlate the governor so that the electrical 
circuit to the solenoid is closed, and be sure that the valve does in fact 
Close, Reget, and close the hand-hole in the Lower tunnel adapter flange. 
6,22 Start oil-cir miet evacuator, anf esteblish pressure within the 
bearings sunport at & value lower than the lowest predicted static preseure 
at turbine inlet. Do not onerate at any setting where thin difference can 
not be maintained, 

6.23 Start the oil pump for the oil air mist only after proper pressuree 
have been set in accordance with 6.22, (Thig stes might well be accom- 
plished immediately after the turbine starte rotating, in sten 6.2%). 

6,24 Set the water level control on the dynamometer for maximum torque 
(water chamber full), 

6.25 Stert the wind tunnel and establish desired flow. 

6.26 Slowly reduce torque on the dynamoweter to increase turbine apeed 

to that desired. Yateh carcfully for vibrations. 

6.27 Shut down tunnel immediately if eafety solencld circuit tell-tele 
light goee off, and re-establish the cirsuit before attemting further 
emphaaized that this is e high-speed 


operetion. It is to be etronel 





mechanien which 12 cenable of very ranid acceleration on run-away due to 
torque failures. 
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26. 
6.3 Stopping 
6.31 Increase dynamoneter torque to meximum available. 
6.32 Sten the wind tunnel, thereby stopping the turbine. 
6.33 After the turbine haa stopped, shut off the oll pwm. (This 
might well be accomlished slightiy before turbine stops in step 5.32). 
6.34 Let the oil-air mist evacuator run ae long as possible after 
gtopring the num, to provide assurance that ell ofl] hes been removed from 
the turbine and associate system. It must be emphasiged that the interior 
of the wind tunnel syetem mist not be coataminated in any way. Take all 
ooerible precautions to ensure that any leekage between the test assenbly 
and the tunnel air stream is always inward through the variourg seals and 


toward the evacuation lines, 
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APPENDIX A 


DYNAMICS OF TUE TRBINT SIAPT EXTENSION 


Thrust Es . eA. 


Deflection 


Curve 





A= i845” 
The method of Rayleigh-Nite for analysis of traneversely vibra- 


ting beams will be followed, t will be rewenbered that, from the Law 
‘of Coneervation of Energy, the maximum attainable potential energy of 
@ vibrating system due to ite position in snace is equivalent to the 
maximum attainable kinetic energy of the system dune to its motion, i.e., 
Ph ex = “Baan 

It will be assumed that the deflection curve for a vibrating pin- 
ended beam equivalent to the shaft system shown above can be repre- 
sented by the equation 

y= K sin (=) cos (wt) 

where K is some unknown constant 


w is rotational velocity, rad.funit time 


Then the slope at any point is 


ro 
&.,¢ x 2 
ix = K Z cos 3 Joos (wt) = @ 


and curvature at any point is 


2 
as es oin( TA) eos (wt) = as 
ax Se A dx 


te 


The velocity at any point is 


Vx 
ae XK snl ain (wt 
dt A , 
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2S. 
For a beam increment subjected to a bending momont M, which reeulte in an 
enguler deflection a9, the work done in bringing about the fins] condition 


ef loading and position is 
A (PE) = WH (ewe) x 40 = 1/2 MAD 


¥rom Beam Theory we have 


a®y .. do 
K « BL = axe x Lt ax 
Then 
40 BI (ae)* 
A 2 ¥ ames = are ’ pene , 
(PB) «= 1/2 ax a <2} dx 
and 


Pr s ws (32) ds - (lat , ¢03(ul) sin (2 tN), 


‘tot. 
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2 4 2 
a ¥ Poel cos (wt 
4 3 ( ) 
din Ce. \* 
Incremental kinetic energy in the heam is “ * Ga. 


ang thet cf the courling is ~ x fezs}" 


here Mg Le the mase of the coumling. 
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where ie is density, A is the eectional area 
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Since 


at = PE ot! 


eo [Aw + + Mem sin(% )) sin“ wl 
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4 
kK qm EL am wt) 


th 


fo maximize, sin°(wt) = sos(wt) = 1 
(The maximum Potential “nergy occurs at q radians before and after 


the time where Kinetic ¥nergy is mxiaun) 


Therefore 2 pal M n'(™4)] 2 np gs 
«1G + =e sn'(7) 44° 


and 





For the eteel shaft of diameter 1 1/f in., 


BI x 2.357 x 10° 1b.-sq.in. 
P= 0.286 lb. /eu.in. 
@=2 10.115 in, 

1 = 1h.915 in. 

g = 386 in. /sec® 


The couvling weight is 2.71 lb. 
Solving the final equation above, W=1910 rad./see. which ie, then, the 


eritical speed for the shaft extension. 


and . _é J 1905 





x 60 = 18,200 rpm 


For the case of the equivalent vibrating bean with rigidly fixed ends the 


e d to be 
equation of the deflection curve is assume 7 [i-cos (*%*) | wsetwe) 
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30. 
*roceeding as before w= 5280 rad./sec. 
and N= 50,500 rom. 
These speeds repreeent the extremes between which it might be expected 
the shaft extension will have its critical eneed. It Le to be presumed 
that in the actual ease there will be a considerable degree of fixity 


at both ends, 
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APPENDIX B 


DETERMINATION OF TURBIVE TUST OPERATING CONDITIONS 


The well-known dimensionless parameters relating to syeed and weight rate 
of flow in the turbine, for specification of verformance, are? 
x » where RF = rpm., & is ratio of actual temperature to standard 


1 


temperature (usually 520 deg. R) in absciute unite 


ra » where w, = weight rate of air flow (lbs. /sec. ) 
3 S is as above 
g is the ratio of adtual etatic pressure to standard 
pressure (usually 14.7 psia or 29.92 in. Hg.) 
Taking typical performance data from ref. (g) at rated power, 
N= 34,000 rpm 
T, = 1954 deg. R, where 7), ig stagnation temperature 


ahead of the Turbine 


Py = $4.63 in. Hg where P) is stagnation pressure 
ahead, 
w, = 6.64 1bs./sec, 


Tunnel Conditions for greatest weight flow can be maintained at 550 deg. R. 
and 1.6 atmospheres = 47.87 in.lig., maximum desired, 

Then, to obtain dynamic similarity between desired test conditions and de- 
sign conditions 
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Test esiqn 
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Mt iad ap = 34000 1954 = 18,420 rpm 
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APPENDIX 


DETERMIBATION OF SPATS OF ATR AT TURBINR INLET 


Area of the Turbine Annulus: 
Outer Dinmeter = 8.1 in. 
Inner Diemeter = 5.1 in. 
oF ee i oe —(5.1) “i 0.716 ft. 
mr oa 
Sinee only the stagnation conditions are pre-determined by the tunnel, 
static conditions must be obtained by trial and error. for first approx- 


imation use density based on atagnation conditions, 





from Gas Laws, where the subscript “o" signifies stag- 


nation conditions. 


ew [ATX 16 Xt4HH 9.1132 Ihe. /eu.ft. 
2995 % 5D 





Then V = =. where Vis stream velocity in ft./eec. 


7.005 


ee? 286 ft. /sec. 
ede xX 1S 7 


2 
Then P = P - ee «1.6 x 12.7 x 1hh -~ 1/2 x — : x (226) 
ae foe 


= 32hh lbs./sq.ft. 


2 


V 


oan Fa TT. << ____ — 
0 
29S ep 


where the specific heat at conetant nressure G x 


0.2399 BTU/#/deg. F at 960 deg. R 





ta 560. (286) = 560 = 6.8 = 553.2 
64.4 x 778 x,2399 
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Then, for secand trial, 2 


3244 - . 
53.35 x 953.0 7 7099 Lbe./en. ft. 


Vv LM... = 295 ft./sec. 


* .216 = .1099 


P = 3241 lbs./aq.ft. 
The third trial shows 


= .1098 ibe./eu.ft. 


and T =» 553 deg. R 


V = 295 ft./sec. 


Poe 3202 ips./aq.ft. = 22.5 lbe./ma.in. 


T = 553 deg. BR 
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APPENDIX D 


DETERMINATION OF REYNOLDS! NUMBERS 


Reynolds! Number for the required investigation will be based on atate 
and velocity just ahead of the Turbine Nogczle Ring. The characterietic 


length will be the chord of the turbine blade at mean radius. 


By 0s » where XN is Reynolde' Huaker 
/? is mase density (1os-ee02/#t") 

V is velocity (ft/sec) 
1 ig characteristic length (ft) 


A As viscosity (bs-sec/sq ft) 





ye ea from Ref. (4) 


ae qs 


where G0 = 120 for air 
To. = 273 deg. 0. 


Me = 170.9 x 10 potcen 


f « 553 x 5/9 = 308 deg. 0. 


piece 


1.5 
so = 170.9 x 107% (2224 Si =") = 188.0 x 10” poteee 


= 188.0 x 1076 x 2.088 x 1073 = 3.925 x 107! lbs.-sec./sq.ft. 


1.18 
5. set 


= 0,099 is 
a 0.099 ft 


Then Ne mow = 1098 x 295 x 0,099 _y © 253,500. 
32.2 x 3.925 x 10 
The tunnel ean be evacuated to one-tenth of the maximum pressure used 


above, at the same turbine inlet tesmerature 


1 
—_ Newer = 25.550 


Then Neon n x 10 





coe es nee 


("iy\inaenae tl cetwenh wna ae 
(two Pt! thieetiy of 
(UT wrpaed stprsyeroanary a) 4 
bat peewee!) ptbvenene af 6. 


Wve 'zy(Set on 8 


ze 
vee eof OF = 0 ore 
2 am wt 
eweise OE me PL 


= ae TL « Fire ty * 
Mas & + is 
vendre od + me « ary, -# = “3 \Pabs watt ne 


Ay “Seer 


uth ae ort ore 34.7 « Oxy ome my *™“Al « 


” Fr . mus | 
¥ 
ete ° - | ‘ ~ =< enn’ 


bow rureeiw dake 660 Ve Mndhetee 17 Mebane Ot ban fot 2 
See reeeees FRE ee eere bee et fe . rts 


i.e + aan ® = - ona a 





36. 
APPENDIX EB 


DETRRMIMATION OF TURADIM POrUR OUTPUT 
© 
t= 560 
P, = 1.6 atmospheres = 1.6 x 14.7 = 23.53 pela. 


P 
Kormel Rated Power is obtained at 1 = 2 
F 
f 


where P, is etagnation pressure at entrance) 
) wee Ref. (¢) 
Pe, is stagnation pressure at exit } 


at T,. = 560 H. = 133.86 i = — 
1 ) from Gan Tables. 
Pre = 5 x 1.57H2 = .7871 hy = 199.7h) 


Ah, = 133.86 - 109.74 = 24.12 RIU/ib. 


24.12 
HP ~ Sule x [78 Wa = JU WS 


aesuning 7), = 100 
550 Ne 


Therefore maximum possible rower at desired overation 


= 34.1 x 7.005 = 239.5 hy. 
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31. 
APPENDIX F 


AKALYSIG OF T&S CYUAKACTURISTIGS OF A FLAP DISC RUNNING IN WATER 


‘ i 

bile yt me ne3 
i 2 7 > 
EP, = (at3) x 550 Ry Ry (see ref (f)) 
where 


f =< coefficient of friction 
w = angular velocity, radiens/sec. 
Ry = outer radine of disc, ft. 


Ry « inner radine of water level, ft. 


Experimental resulte show n= 1.8, f= .O0h for rough surfaces, .002 


for colished eurfeces. 


4g “ues Bop, x hig x 
o i * iis 6 ae 





Design eonéditions are 
E = 18,220 roa 
HP. oe 239.5 
Therefore 1t ie desired to design s brake which will absorb 250 H.F. and 
over a range of t design speed to maximum allowable. 
Z 
“¢ 2 13,680 rpm 
Maximum allowable = 29,990 rpm 
It can be sean from the foregoing equation that the slowest sveed will 


determine the largest radius. Therefore for 250 H.P. and 13,580 rpm 


a8 vie 250 x 4S x 559 250 x hie x 550 
es w 2.48 = 
° 1 UT x 0m = (20 x 13,680) “Tx .00% x 6.82 x 10° 


R -~ R 7 # .01929 
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38. 


letting 3, = © for trial radius 


43 
Bm - \ 01929 = .439 ft. = 5.26 in. 


4-3 4.8 
R, = / isl (01924 =V. 0218-01927 = 288 ft. = 3.46 an. 


for the lowest power ontout H.P. = 25 


h kh, 
nee® _ are® - Lonig29 


Under this condition the inner radius of the weter level would be 


48 ' 
Ry =\/ 0219 -. 0001929 = Mul ft. © 5.292 in. 


For the maximum allowable speed and 250 H.P. 
we 2093 


Leg ues 250 x 4.8 x 550 
R - R =< = _— = .006 
o i UT x .004 x 1.991 x 10° 19 


4-8 
Ry = \/.0218-.00659 = IB ft. = 5,02 in, 


for lowest rower output at 20,000 rpm 


WB 
a, * t opie ~ Baooaa = M75 ft. = 5.37 in. 


Compare thie to the 0.0. of the diee = 5.40. Instability is highly probable!!! 
Water flow reguireé for cooling purposes 


Let allowable temmersturerise < 100 F, degrees 


a 2 " as - eile = 10,600 BTU/min. 
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39-6 
wt. = q/ Tf = 10,600/100 = 106 lbs. of water/min, 


gal./min, = 106/835 = 12.7 


It can be readily seen with this rate of flow and the narrow rance of 


water level, that sneed control would not be eecurete enough for use, 
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APPENDIX G 


AKALYSIS OF THM CHARACTERISTICS OF A GYLINDER PARTIALLY SUBMERGED IN WaTER 


Agsume that no end face 1s exnosed to water 


Then T «= 2flf1 w2 BYt*2 (eee Rex. (£)) 


where T is torque on cylinder (ft-lb) 


fis coefficient of friction = 0.004% 


1 is length of the eylinder (ft) 


w ie rotationel speed, rad/sec 


R is the external radius (ft) 


he 1.8 


And Horsenower = /P = T w/550 


nel »nte 
a “lf lw R 


559 


Then, for 250 hp. at 20,000 roa, 


1 =0.00275 (3)7°8 


Aseume R= 2 in, 


(trom Annendix F, 


vw 2-8 2 1,991 x 10°) 


12 
Then 1 = .00275(-5)>"* = 2.475 ft. = 29.7 in. 


Pewer varies directly with length. For one-tenth of maximum deetred overating 


output (223.95 hn) 


les e322 29.7 =» 2. . 
oe x 239.7 = 2.85 in 


== lUlc eOlCelUlCCOlUlCUlU Ul Tl ll Oller lll elle 





; (eh) wetatinn ade Jo rraanl ad & 
wie\her shang fim ieuney 2 © 
(7a) nephag Lawemee nie oy 
Slee 
Ora THe gevenneee te 


; tyes eee 14 +t 
sree (OOO te 2 OF set eet 


| “<1 emte.oee 





ee 
IB MA * Bye. « L wat? 





ei leres Aertect dual rie SM Eden Vt) Aree She Teeter cepts net 
fet Bh) remus 


ete Te i. J 


"eer te twee OC mee eR ee eee ween ee 


BI. 
Caleulation of pressure forces required to balance centrifugal forces 
of the water rotating in the houeing. 


Centrifugal foree of an element of water of unit devth 
. 2 
* Far rd@ a. 
where = dengity (lbe./eu. ft.) 
@ = gravitationel constant (32.2 ft./sec.°) 
V, = linear velocity at radius r (ft. /sec.) 
ry « radial position of the element (ft.) 
dr = radial length of the element 
rao = the cireunferential length 
The belaneing preseure force (centripetal fores) 
=pPh-rdo 
where h ig the hydrostatic head (ft.) 


other symbols as above. 


2 
thenph rae = & Xr ar rae 





> 
Me ¢€ 
and h = iH laa Vi 
Max A 9 r dt 


b 


where re ie the inner radius at the casing 
ry is the outer radiue of the cylinder. 
Now assume velocity distribution from evlinder to ensing ie lineer, 
coming to zero at the casing, and heving zero slin on the cylinder, (shown 


herewith): Vy 


Ys *« welocity on surface of 


brake cylinder 


20000 aa 2 
7 - “60 = 2x To 





= 3U8 ft./see. 
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4 l 
Os Ci oe ana ¥, = 228 22 te 
Feo- Ty To 2. Be - -1667 
and > + ir #1 
c Vo 
os %,.* Me- ft v, = Bue (yr, - r) 
us” fe 


1, 
then hmsy “(Go ATE) 


1667 


(a Oe 


so, when r, = 1 ft., Fy 3000 ft. 


or 1430 1ds, /in.” 


It can be seen from the nature of the derived formulation for h that 
it will decrease as r, increases, However, if the enclosing casing is to be 
kept within reasonable dimensional limite, an enclosed pressure tight casing 
will be recuired, resulting in considerable unpredictable circulation. At low 
power settings with high speed there would be great likellhond of instability 
dus to the short subzerged deoth on the brake cylinder. It would be iumrae- 
tical to decrease the cylinder diameter much under 4 in., because of the large 


subuerged denth that would be required et full power. 
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3. 
APPENDIX if 


DETERMINATION OF POWER ABSORPTION IR A CRHTRIPUGAL WAPER PUMP 


Assume that the water enters axially at the center and leseves tan- 
gentially at the verivhery, Then vower absorption is that due to the 


change in tangential momentum ftamored on the water 


- 2 xy2 LW ye 
HP = £ nv2/33000 « = % ¥°/33000 


where W ig the weight rate of water flow (lbe./mia,) 
G is the gravitational constant (32.2 ft./sec.7) 


Vis the linear velocity at the wheel rim (ft. /sec.) 


a ae ee 


taking the density of water an 8 lbe./gal. 


2 x x x 900 oz x * 000 
fxV Ex (wr)* 


where Q is volume flow (gal./min.) 
w ie the rotational speed (rad. /sec.) 
ris the rim radius (ft.) 
Then, for 250 hp. at 20009 rpm 


. 2x 250 x 32.2 x 33000 


g : 
& x (att x SBeey2 re 


« 15.22 x x2 


also Vie wr = 21x SU x r= 2092 r 


The following solutions are found: 
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r (ft.) wr = V (f£t./eec.) Q (gal./min.) 
9.5 LONG 69.3 
0.8 axe 95.2 
0.3 G27 169.0 


It ean be seen that, for a reasonable flow, wreck diameters and re- 


sulting exit velocities are excessively high (see Section 3.13). 
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APPENDIX I 


PHRUST BEARING DUSIGN 
Agsume @ 50% Reaction Turbine 


Then, when (P4) « 2, 
(Py) Design 


-f2 


where Ps ig estngnation preesure ahead of noggles 


ty “ea 
ry on 
hy 


Pe is etagnation presgure behind rator 
Psy ig atagnation presemure ahead of rotor 


Maximur desired operating pressure Py = 1.6 atmos. 


j. B24. 7 
V2 
He = 6X 14-7 

k 


Then Py, © = 16.62 peia 


= 11.78 pela 


Ap ® 4. eu peda 


Naximam Thrust « A xAP 

where A is turbine annulus area = .216 sc.?t. 
T= .216 x 14s x Kish = 160.5 lds. 

Consider Vorma-Yof*man Downle Plate Single Row Inch-Tyne Bearing 

Medium seies, Series 307-PP 
Rated Load at 3000 rom = 820 Lbe. 
Rated Load at 20000 rom = 480 lbs., by extravoletion of tabulated values. 
The manufacturer's cataloe gives 

Pe 05 R¢+1.5 7 

Where P ie equivalent load for rating 
Rie radial Load 


T as Thrust Load 
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In the desired annlicstion 2 = 2 
26 Pe 1.5 2 190.5 = 2% lhe, 
1 
Therefore Becring factor of safety =< 1 . oat 
a 7 * om 


(based on bearing Life of 10900 hours, but extravolating beyond 


maximum tabulate? meel ratinc.) 


Adequaey of Shrink on Reteiner Ving, Fert Yo, 31-1283. 

When the tuanel is suddenly shut down, ae wien the air safety valve is 
trigeered, the turbine becotes 2 cviemressor af low ef’ielency. Thies presumably 
hanrens when the load on the dynamometer is lost, an’ the turbine eccntinnes to 
run under its own inertia for a short verio? of time. Under these conditions 
the axial loed on the turbine rotor reverres, ence a shrunk on retainer ring 
will be reouired behind the bearing, on the coupling. 

Use a eteel ring with cross section 1/€ in. by 1/4 in. (see Fig. 26), with 


a Shrink Fit (Class 8) on the courling where the 0.9. is 1.3779 in. 


Minimum interference is 90,.90C8 in., dilamnetral 


if 


Now e = ri. where @ = circumferential elongation in the ring 


P = the tansile load in the ring 


it 


1 


4 


the mean circumference of the ring 
& is sectional srea 
E& is modulue of elasticity. 


=7l (42), wheres dad ts the interference 





then P = SR TaA x AaB . 000K x px 1 x 30 x 106 
if x APG 
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uy. 
Now 2P = 2prw 
where p is normal pressure on the inner surface of the ring 


r is the inner radius of the ring 


wis the axial width of the ring 


F 
so D=™ 
rw 
Total Kornal Load = N=» x Mr xw = 21 P 


N= 714Olbs. 
Allowable axial load = W x f 
where f is static coef. of friction (9.15 for steel to steel) 
Allowable axial load = 0.15 x 3140 = 471 lbs. 
Agsume thet the turbine can provide a preasure ratio of 2/1 when acting 
ae a pump a conservative, since the blades will nrobebly be stalled, and 
efficiency will be low). 
Also agsume that the tunnel compressor ir ee on & 2 to 1 vressure 
ratio, compressing to 1.6 atmospheree (the highest desired operating condition). 
Then exit pressure on turbine = pe = 1/2 x 1.6 x 14.7 = 0.8 x 14.7 
and iniet pressure on turbine = p, =(1/2)D¢6 = OU x 14.7 
Then total axial preseure force on rotor = (0.8 - 0.4) x 14.7 x 14k x .216 
«= 183 lbs. 


Factor of Safety provided by shrink ring 


= Man = 2.58 
183 
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DEVRRUINATION CF TORQ CATACITY OF Tl! PLALIY TAPERED JOINT 


POTVELN OOFPLIWG ASD CIART RUTENSION 


Torque in Shaft = ey wherefP is turbine power output 
w is turbine rotational speed 


Torque = <2 = GBP fe .-lhe, = 7&9 La.-Lbe, 





From ref.(I) static eoef, friction, steel to steal, = 9.15 
Radial Teper in Joint = 1/16 tn/,7, 


Avernge dima, in Joint = 1 1/16 


Coroue 
| RRA RE ore 


Then totel Surface force on Joint =- 
radiue 


= fies 2 18s lbde, 


and total Normal foree = F «= 275 = AS = 5,900 lbs. 
we P 


l mie 
Price tas] 


#0 FP = 6.0606 x 9,900 = 600 lbs. 


are 


where P is the necessary axial forces which must exist between 
eoupling and ehaft while running et full rower. 
The exieml force on the turbine rotor tends to separate the two, so 
this also must be provided by the reguired retaining nut, L.e. 


Axial foree davosed by retaining nut = P = 600 + 190.5 = 750.5 lds. 
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Veing a 5/8~in. serew, Fational Fine Thread Series (18thds. sin.), 


Ns 
30 
ja/ < . 


2 





—— es 
& 


Normal Force on Threads = BL = = S66 Lhe, 
8 «som 370 





Sorque on Threads = Ne x f x ry = Ty 
where £ is osef. of friction 


a 


rT, is pitch radius of thread 
Use f for etatic friction, to be conservative 


Then % = 856 x 0.15 x a. = 38.4 losin. 


Assemble the cowling with 500 1b.-in. immosed on retaining nut. 


Factor of Safety at Full Losd = = = 13.0 


It ia recommended that high torque be used in setting un the assembly, 


to provide assurance that the couwnling and shaft are properly aligned. 
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50. 
APPEEDIN K 


AIR SAFPSY VALVE SPRING DESIGN 


Fig. 5 shows the desired valve. 
O.D. = 9 in. Thickness = 1/4 in. 
¢.€. to hinge-line ~- 5 in. 
Material -- Aluminua Alloy, 2 ST 


Density = 0.10 lbs./eu.in. 


Necessary seating torque about hinge = 1.6 x ¥.f2 = 7.72 1b.-in. 
Use two springs, one left and one right hend, 0.093 in.diam, hard drawn 
spring wire on 9.625 mean spring diam., six active turne each, 


h 
¥ q¢ . Eda 
From ref. (3), T= ioe wD 


where E ic modulue of Tlasticity 
d is soring wire diam. 
nis angle of deflection (no. turns) 
Nie no. of active turns 
D is mean diam. of the spring 
f ia the spring torque 
Take epring deflection of 1/2 turn for velve-onen position 


6 


*y : ‘ 
Then T = 2 a x wr = 1/2 = 27.8 lb.-in. each 
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tom 21-41 2.7 @ «Tc 


vyPve*, 








Angle of turn wien valve is seated is 70 deg. 


mem - 0 - > c § y 
Then eas. * = x 27.6 x 2 21.4 in lbs. seating torque 


Factor of Safety when seated 


21,6 


-7 72 = 2,8, and valve will stey safely closed without a 


latch. 


See Fig. 7 for spring details 


Analysis of Closing Time of Air safety valve: 


a20 _ f0. 
A= aye = 7 


where % = angular scceleration 
O = angle of valve, referenced to zero at open position (radians) 
Tg = torque on the valve, a function of 4 


I «= Mass moment of Inertia of the valve about the hinge. 


When valve 4s open, 7, = 55.6 Lb.-in. 
When valve is closed, Ty = 21.6 - 7.72 


= 13.88 1b. in. 


55.6 55.6 - 13.86 41.72 57.3 
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One possible solution is 


@=C, cos al t +o san 24% ¢ + Bo 


t = 0 when O=9 ond w = $2 when @ = © 
Then C, = - 2:8 and So = 0 
71.7 


55.6 [ (zt | 
so O = 1 + cos/ 4 


When the valve is clogad, So e LLO rad, 


57.3 
so 112 . 55.6 [2 - ope fe 
795 GL? tr c 


— zie 4 = +750 





Bow I -2 e + a?) 
where W is weight of the valve in lbs, 
g is grevitstional constant (3686 in./see”) 
D is the valve diameter (S in.) 
d ie distance from the c.g. of the valve to the hinge 
line (4,82 in.) 


is eb (S + 23.25) = .1172 1bs.-in.-see.2 


ene | 21.7 = COS7/B5 = ons (13.6 rad.) = .515 
172 


so the required time for closing = t = L- »/9° 
3 
o515 


t = O.UE5 sec. 
It is to be noted that this represents the minimum closing time, since 


the air stream will wrovide considerable additional closing effect. 
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